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A B S T R A C T

To support the long-term ecological viability of restoration projects, it is necessary to reach adequate levels of
genetic diversity in spontaneously recolonizing and reintroduced populations. The importance of genetic
diversity in the long-term viability of populations is acknowledged, but still poorly monitored in restoration
projects. This study aimed to estimate the genetic diversity and inbreeding levels of populations of a tree species
widely used in restoration projects in the Atlantic Forest of Brazil, Centrolobium tomentosum, exploring the
potential of active restoration in successfully reestablishing populations with higher chances of long-term
perpetuation in agricultural landscapes. We used both nuclear and chloroplast microsatellite markers to assess
genetic parameters in juveniles and adult individuals in two high-diversity restoration plantations (28 and
60 years old), one disturbed fragment, and one large and well conserved protected area. We observed similar
levels of genetic diversity and inbreeding, for juveniles and adults, in both restored and natural populations.
Surprisingly, haplotype diversity was higher in restoration sites. We also found private alleles in juveniles in both
restoration areas, and this is evidence of gene flow between restored and neighboring natural populations.
However, we observed negative effects of inbreeding on the effective population size of populations from the
disturbed natural remnant and restoration areas. These results provide evidence of the capacity of restoration
plantations for recovering high levels of genetic diversity and the importance of maintaining large and well-
conserved forest remnants to be used as seed sources for restoration efforts.

1. Introduction

Many international restoration initiatives have been launched to
mitigate negative consequences of deforestation, habitat fragmentation,
and other anthropogenic impacts on biodiversity and human wellbeing
(Chazdon et al., 2015). These programs aim to restore millions of
hectares of forest ecosystems and landscapes over the next decades and
reestablish new populations of native tree species where they were
locally extinct (Holl, 2017). The massive financial investments and
political commitments to support restoration programs highlight the
need for reliable monitoring approaches to safeguard key ecological
principles for sustaining restoration success (Suding et al., 2015).

Biodiversity monitoring in restoration projects has been mostly
focused on plant taxonomic diversity (Ruiz-Jaen and Mitchell Aide,
2005; Wortley et al., 2013) and functional diversity (Brancalion and

Holl, 2016), with few studies on phylogenetic (Schweizer et al., 2015)
or genetic diversity (Rodrigues, 2013; Neto et al., 2014). Consequently,
little is known about the potential of restoration interventions to
reestablish similar genetic diversity levels compared to reference
ecosystems. Although some conceptual frameworks have been recently
proposed to monitor genetic issues in restoration projects (Thomas
et al., 2014; Mijangos et al., 2015), on-the-ground assessments are
scarce (but see Salas-Leiva et al., 2009; Neto et al., 2014).

The inbreeding level is another important genetic parameter for
monitoring reintroduced populations in restoration programs, since the
mating of closely related individuals may lead to a reduction in fitness-
related traits such as survival and fertility, a phenomenon called
inbreeding depression (Charlesworth and Willis, 2009). Inbreeding
depression in plants, which is more common in trees than in annual
herbs (Angeloni et al., 2011), may lead to reduced tree population
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viability in forest restoration areas. This issue may play an even more
relevant role in restoration plantations in the tropics because most tree
species are pollinated by animals (Bawa, 1990), and their maximum
flight distances are not considered when distributing seedlings in the
field. Therefore, it would be grounds for concern if inbreeding
coefficients in the tree populations of restoration areas are higher than
their normal levels found in natural, conserved populations, as ob-
served in populations of Avicennia germinans (Salas-Leiva et al., 2009),
and Inga vera (Neto et al., 2014).

Another threat to natural populations is the loss of diversity by
genetic drift, which is stronger in small and isolated populations
(Ellstrand and Elam, 1993; Frankham et al., 2014), like those typically
found in restoration projects. If restoration initiatives are implemented
to increase gene flow among fragments, this threat may be reduced. For
example, a study of populations in second-growth forests indicated
reduced genetic diversity in founding tree populations, reflecting a
strong founder effect, and a shift towards genetically rich populations in
the mid and long term due to gene flow at the landscape level (Sezen
et al., 2007). Complementary, a study with the Neotropical tree Inga
vera found reduced genetic diversity in adult individuals in restoration
sites, but higher diversity in seedlings, probably due to gene flow from
natural remnants to the sites ongoing restoration (Neto et al., 2014).

The use of genetics as a source of information to support decision-
making in restoration programs is particularly important in developing
tropical countries, where most of the global biodiversity hotspots are
located (Myers et al., 2000). The restoration programs envisaged for
tropical regions include the ambitious goal of restoring 20 million
hectares of forest ecosystem and landscapes in Latin America and the
Caribbean by 2020 (WRI, 2016) and restoring 15 million hectares of
Brazil's Atlantic Forest by 2050 (Melo et al., 2013). The Aichi target 15
of the Convention on Biological Diversity, in particular, would require
genetics to monitor its achievements, since restoration programs linked
to this target are expected to contribute to conserving biodiversity at all
hierarchical levels, from ecosystem to genes (Janishevski et al., 2015).

Although genetic studies on tropical trees in restoration projects
may provide a necessary knowledge platform to plan, implement, and
monitor restoration programs, few restoration genetics studies have
been carried in tropical regions. Also, genetic concerns started to be
considered just a few decades ago (Thomas et al., 2014; Mijangos et al.,
2015).

In this study, we estimated the genetic diversity and inbreeding
levels of populations of Centrolobium tomentosum, a tree species widely
used in restoration projects in the Atlantic Forest of Brazil. Our aim was
to address the potential of active restoration in successfully reestablish-
ing populations with higher chances of long-term perpetuation in
agricultural landscapes. To achieve this goal, we tested the following
hypotheses: (i) even restoration areas with high species diversity were
implanted in the past with low genetic diversity; (ii) populations from
restoration areas have lower levels of genetic diversity than observed in
natural remnants; (iii) populations from restoration areas have higher
levels of inbreeding than those from natural remnants; (iv) there is no
gene flow between restoration areas and neighboring areas as a
consequence of their isolation in highly fragmented landscapes.

2. Material and methods

2.1. Study species

We selected Centrolobium tomentosum Guill. ex Benth (Fabaceae) as
the model for this study, because this is a species widely used in the
Atlantic Forest's restoration, and it is self-compatible (Aidar, 1992),
which may lead to high levels of inbreeding in the absence of a
pollinator. Therefore, this is a suitable model for assessing the limita-
tion and the potential of restoration to recover adequate levels of
genetic diversity and gene flow to sustain population persistence in
restoration sites. Given these natural limitations on the recovery of

genetic diversity and breeding rates in restoration projects, positive
results with this species may indicate that sufficient genetic conserva-
tion may have been achieved in other tree species used in restoration.

C. tomentosum is a typical gap, intermediate succession species, with
relatively fast growth and symbiotic associations with nitrogen-fixing
microorganisms (Carvalho, 2005; Pagano, 2008). The main pollinators
are large bees with long-distance flight capacity (genus Xylocopa,
Bombus, Centris, and Megachile) (Aidar, 1992), which are one of the
most common groups of pollinators of tropical canopy tree species
(Bawa, 1990). Fruits are large samaras (approximately 9 g each)
dispersed by wind, but most fruits fall under the canopy of the mother
tree (Aidar and Joly, 2003). Although this species is self-compatible,
most seeds that germinate are the result of outcrossing (Sujii et al.,
2017).

2.2. Study sites and sampling

We selected four sample sites, all located within the seasonal semi-
deciduous forest domain of the Brazilian Atlantic Forest of São Paulo
state, southeastern Brazil, a global hotspot for biodiversity conservation
(Myers et al., 2000). This is one of the most threatened vegetation types
of the Atlantic Forest, with only 7.5% of its natural cover remaining
(Ribeiro et al., 2009). All sites had a Cwa Köppen climate and were
embedded in human-modified landscapes, dominated by sugarcane
plantations, pastures, or urban areas.

We evaluated populations from two restoration sites (Rest). The first
restoration area (Rest1) is a 15-ha plantation established from 1955 to
1960 along the riparian buffer of the Jaguari River, on a sugarcane farm
in Cosmópolis municipality. The restoration model used was the
random distribution of a high diversity of trees (71 species; 70%
native), regardless of their successional performance, at a density of
833 individuals per hectare (Nogueira, 1977; Schweizer et al., 2015).
The second restoration area (Rest2) is a 21-ha, high-diversity (141
species; 77% native) plantation established from 1988 to 1990 onto the
borders of Iracemápolis municipality's water-supply reservoir
(Brancalion et al., 2014). Restoration was based on the combination
of tree species of different successional stages in planting modules (6
pioneers and 2 early secondary, 1 late secondary or climax). Seedlings
of Rest1 were mostly produced with seeds harvested in a 1901
reforestation site in Piracicaba, approximately 100 km away from
Rest1, while seedlings used to establish Rest2 were obtained from
two commercial forest nurseries of the region, but seed origin is
unknown (Rodrigues et al., 1992).

We selected two natural remnants to compare with the forest
restoration sites. The first natural remnant (Ref) was the Caetetus
Ecological Station, the largest (2170 ha) and best conserved forest
patch in the region (Durigan et al., 2000), chosen as the reference
ecosystem for this study. The second natural remnant (Frag) was the
Municipal reserve of Santa Genebra Forest, the largest urban semi-
deciduous seasonal forest fragment in São Paulo State (252 ha), which
was historically submitted to human-mediated disturbances typical of
the study region: selective logging, fires, and edge effects, which have
collectively led to the proliferation of ruderal climbers (Farah et al.,
2014).

We sampled a total of 343 individuals (140 adult and 187 juvenile).
From each restoration area, we sampled all adult individuals found in
the site (large-sized trees found in the planting lines) and at least 30
juveniles. From each natural remnant, we sampled at least 30 adults
and 30 juveniles (Table 1). Up to two juvenile individuals were sampled
close to each adult individual, to avoid sampling a large proportion of
siblings. From each individual, we collected plant tissue (leaf or
vascular cambium) for DNA extraction (Cavallari et al., 2014), and
obtained the coordinates with a GPS (GPSMAP62, Garmin).
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2.3. Genotyping

We amplified fragments of DNA from all individuals using seven
nuclear microsatellites (nSSR) developed for the species: Ct01, Ct02,
Ct03, Ct04, Ct05, Ct07 and Ct08 (Sujii et al., 2015). We also used five
universal chloroplast microsatellites (cpSSR): ccmp02, ccmp03,
ccmp04, ccmp07, and ccmp10 (Weising and Gardner, 1999). The
nuclear loci analyzed were in linkage equilibrium and were considered
as independent loci. The chloroplast genotypes were organized in
haplotypes.

Genotypes were obtained using the Li-Cor 4300 DNA Analyzer (Li-
Cor Biosciences, Lincoln, NE, USA) and we determined allele lengths
using the 50–350 bp IRDye700 and 800 (Li-Cor) sizing standard and the
Saga v.3.3 software (Li-Cor).

2.4. Genetic analyses

Microsatellite loci are usually neutral loci, but may be linked to
some locus under natural selection. We tested if any of the loci showed
any indication of selection, using LOSITAN (Antao et al., 2008). We ran
this software using parameter settings of 50,000 simulations, confi-
dence interval of 0.95 false discovery rate set to 0.1, subsample size of
20, simulated FST of 0.05 and an attempted FST of 0.07. We also
employed a Bayesian framework to test for microsatellite neutrality
using Bayescan 2.1 (Foll and Gaggiotti, 2008) with a burn-in period of
50,000 iterations, a sample size of 5000, a thinning interval of 10 and
50 pilot runs, considering a false discovery rate of 0.10.

In addition to natural selection, microsatellites analyses are subject
to technical artifacts that may bias population genetics parameter
estimates. To detect the presence of null alleles, large allele dropout
and stuttering, we used Micro-checker 2.2.3 (Oosterhout et al., 2004)
with a confidence interval of 99%. Since this method assumes Hardy-
Weinberg equilibrium, we also used the approach implemented in
INEST 2.1 to simultaneously estimate null alleles frequency and
inbreeding coefficient.

To estimate the nuclear genetic diversity for adults and juveniles
separately and for all individuals in the population, we used expected
heterozygosity under Hardy-Weinberg Equilibrium (HE), observed
heterozygosity (HO), and allelic richness (Ar). We also compared
Wright's fixation index (f), as inbreeding estimator
(Weir & Cockerham, 1984), in different life stages and populations,
estimated from nuclear genotypes for adults, juveniles, and popula-
tions. These parameters were estimated using diversity (Keenan et al.,
2013) and PopGenKit (Paquette, 2012) packages from R (R Core Team,
2015). Confidence intervals were obtained with 1000 bootstrap repli-
cates.

We estimated the variance in effective population size (Ne) of adult
and juvenile individuals based on Cockerham (1969), accounting for
the sample size (N), coancestry (Θ) and inbreeding, inferred from the
fixation index (f). The coancestry was inferred from the kinship
coefficient using the estimator of J. Nasson (Loiselle et al., 1995),
using the SPAGeDi 1.2 program (Hardy and Vekemans, 2002). The
confidence intervals were obtained with 1000 bootstrap replicates,

resampling loci. We also estimated the genetic representativeness (Ne/
N) of each sample.

We assessed the number and frequency of private alleles in nuclear
genotypes (pA) and the private allelic richness (pAr) in different life
stages to look for indications of gene flow, using the ADZE software
(Szpiech et al., 2008). Private allelic richness provides a measure of the
singularity of each sample (Rodrigáñez et al., 2008).

3. Results

All nuclear loci used in this study were identified as neutral. We
observed evidences of null alleles and stuttering in four out of seven
loci, but their presence was not consistently detected within each
sampling locality nor considering each group (adults and juveniles
within each locality). Additionally, the inbreeding coefficient estimates
explicitly considering null alleles did not differ substantially from the
estimated values disregarding this methodological artifact. Therefore,
we used the original dataset for further analyses.

The chloroplast haplotype diversity was higher in restoration areas
than in natural remnants (Fig. 1). In natural remnant populations, we
observed three (Ref) or four (Frag) haplotypes, both in adult and
juvenile samples, while in restored populations, we observed six (Rest1)
or 13 haplotypes (Rest2). The Shannon diversity index was higher in
samples from restoration areas than that of natural remnants (Fig. 1).
One haplotype was exclusive from juvenile samples (H11). The number
of haplotypes observed in juvenile samples was always equal to or
lower than that observed in adult samples, in spite of the larger sample
size of juveniles.

The estimates of nuclear genetic diversity (HO and Ar) were similar

Table 1
Description of study areas and sample sizes.

Study area Fragment group Area (ha) Sample sizes Coordinates Other information

Ref Natural preserved 2170 46 adult
50 juvenile

W 49°42′05″
S 22°24′11″

Preserved since the beginning of farming in the region and protected as an Ecological Station since
1987 (SMA, 1998)

Frag Natural disturbed 252 32 adult
33 juvenile

W 47°06′40″
S 22°49′20″

Preserved since the beginning of farming in the region and protected since 1981, with recent drastic
changes in community structure (Farah et al., 2014)

Rest1 Restoration 15 19 adult
47 juvenile

W 47°12′20″
S 22°40′18″

Restored with 71 tree species, 70% native (Nogueira, 1977)

Rest2 Restoration 21 52 adult
64 juvenile

W 47°31′09″
S 22°34′36″

Restored with 141 tree species, 77% native (Rodrigues et al., 1992)

Fig. 1. Haplotype diversity in Centrolobium tomentosum populations from natural
remnants (old-growth, reference forest – Ref; fragmented forest – Frag) and restoration
areas (Rest1, Rest2) for adult (A) and juvenile (J) samples. Bars represent absolute
frequency of each haplotype and the numbers above bars are Shannon's diversity index.
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in all samples from all populations (Fig. 2). Conversely, HE estimates for
both adults and juveniles from Rest1 were lower than for the other
populations. Inbreeding levels were similar among populations (Fig. 2).
Comparing juvenile samples, only inbreeding level for Ref population
was not consistently different from zero (f = 0.040, CI95%
[−0.046–0.105]).

We observed private alleles from juvenile samples in both restora-
tion areas. In Rest1, we observed nine private alleles (19%) and in Rest2
we observed three (5%). As we sampled all adult individuals found in
these areas, the existence of private alleles indicated that new alleles
were introduced in the restoration area by gene flow from surrounding
areas. The private allelic richness of juvenile samples was higher than
that of adult samples in restoration areas (Table 2).

The coancestry estimates were all very close to zero, indicating that

samples were not related (Table 3). Adults and juveniles Ne from the Ref
area were not significantly different from sample size. All juvenile
sample sizes from the Frag and Rest areas were significantly larger than
Ne (Fig. 3). The genetic representativeness was higher than 80% for all
samples (Table 3).

4. Discussion

Overall, restored C. tomentosum populations had comparable levels
of genetic diversity, haplotype diversity, coancestry and inbreeding to
those found in forest remnants, indicating that both restoration areas
were established with nursery-grown seedlings of high genetic diversity
and produced with seeds from different sources.

4.1. Restoration areas were implanted in the past with high genetic diversity

Our results did not show evidence of drastic genetic diversity
reductions, known as founder effect, in populations from restoration
areas compared to natural remnants. The chloroplast DNA analysis of
adult individuals showed the presence of six different haplotypes in
Rest 1, which indicates that seeds were sampled from, at least, six
mother trees. In Rest2, the number of seed sources was even higher
(n = 13). The haplotype diversity observed in restoration areas was

Fig. 2. Estimates of genetic diversity and inbreeding levels in C. tomentosum populations
from natural remnants (old-growth, reference forest – Ref; fragmented forest – Frag) and
restoration areas (Rest1, Rest2) for adult (A) and juvenile individuals (J). Ar: allelic
richness; HO: observed heterozygosity; and HE: expected heterozygosity under Hardy-
Weinberg equilibrium; f: inbreeding coefficient. Bars indicate 95% confidence intervals.

Table 2
Private allele (pA) and private allelic richness (pAr) in Centrolobium tomentosum
populations from restoration areas (Rest).

Population pA in juveniles pAr (standard error)

Adults Juveniles

Rest1 9 (19%) 0.014 (0.016) 0.224 (0.136)
Rest2 3 (5%) 0.004 (0.003) 0.135 (0.094)

Table 3
Estimates of fixation index (f) with the confidence interval (CI95%), coancestry (Θ),
effective population size (Ne), and genetic representativeness of each sample (Ne/n), and
the sample size (n).

Sample n f (CI95%) Θ Ne (CI95%) Ne/n

Ref – adults 47 0.131
(0.027–0.207)

0 45.90
(54.74–32.27)

0.98

Ref - juvenile 50 0.040
(−0.046–0.105)

0 46.48
(50.30–43.04)

0.93

Frag - adults 32 0.241
(0.119–0.343)

0 26.42
(29.79–23.41)

0.83

Frag - juvenile 33 0.143
(0.051–0.207)

0.00059 29.70
(32.54–27.12)

0.90

Rest1 - adults 19 0.027
(−0.174–0.159)

0.00327 16.11
(18.71–13.84)

0.85

Rest1 - juvenile 47 0.125
(0.024–0.201)

0.00014 42.47
(46.29–38.74)

0.90

Rest2 - adults 42 0.089
(−0.002–0.159)

0.00062 38.90
(42.47–34.40)

0.93

Rest2 - juvenile 57 0.149
(0.068–0.217)

0.00006 49.04
(54.63–44.11)

0.86

Fig. 3. Variance in effective population size (points, triangles and squares) of adult (A)
and juvenile (J) samples of Centrolobium tomentosum from natural remnants (old-growth,
reference forest – Ref; fragmented forest – Frag) and restoration areas (Rest1, Rest2).
Error bars represent 95% confidence intervals; and circles with crosses represent sample
sizes.
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higher than the diversity in populations from remnant forests, suggest-
ing that the seeds used in restoration plantations were sampled from
many seed-trees, probably from different forest fragments. The analysis
of genetic diversity of nuclear DNA from adult samples did not show
reduced allelic richness and heterozygosity, which are traditionally
considered evidence of founder effect (Hartl and Clark, 2010).

This positive strategy for genetic conservation is aligned with the
long history of scientific and practical maturation of ecological
restoration in the Atlantic Forest, which now promotes the use of high
levels of both species and genetic diversity in restoration plantations
(Rodrigues et al., 2009; Brancalion et al., 2012). An additional factor
that may have contributed to the high level of genetic and haplotype
diversity found in this work is the large size of C. tomentosum seeds,
because many mother trees have to be harvested in order to obtain a
satisfactory amount of seeds compared to species bearing small- to
medium-sized seeds.

Analyzing samples from restoration areas, we observed a lower
Shannon diversity index in haplotypes of juvenile individuals than in
adults. In contrast, this pattern was not observed in natural remnant
populations. This may be a result of genetic drift effect, due to the small
population size in restoration areas (Ellstrand and Elam, 1993). This
may also be a consequence of outbreeding depression caused by the
interaction of nuclear and cytoplasmic genomes (Scopece et al., 2010).
If seeds used in the restoration project have very different provenances,
mating among individuals from different origins may reduce seed or
sampling viability (Scopece et al., 2010; Pinheiro et al., 2013). Thus,
high levels of genetic diversity, especially when it is obtained from very
distant populations, are not always beneficial to restoration success.
Different studies have demonstrated the limitations of restoration and,
in particular, active restoration to recover plant taxonomic diversity of
tropical forests (Suganuma and Durigan, 2015; Shoo et al., 2016). Our
case study indicates that it may not be the case for the genetic diversity
of trees.

4.2. Populations from restoration areas have similar levels of genetic
diversity to those observed in natural remnants

The evaluation of genetic diversity in this study was based on allelic
richness, observed proportion of heterozygote genotypes, and allele
frequencies of neutral regions of the genome. These estimates indicated
that genetic diversity was similar between populations of restoration
areas and natural remnants. Neutral genetic diversity has long been
studied both in well preserved and in disturbed, fragmented popula-
tions, in order to assess the conservation status of targeted species
(Lowe et al., 2005; Honnay and Jacquemyn, 2007; Aguilar et al., 2008;
Pautasso, 2009; Vranckx et al., 2012; Lowe et al., 2015). Although high
genetic diversity is not a guarantee of potential for adaptation, a
significant correlation has already been detected between neutral levels
of genetic diversity and population fitness (Reed and Frankham, 2003),
thus allowing inferences on the potential of population persistence in
restoration sites in relation to its levels of genetic diversity. In addition,
high levels of genetic diversity have been particularly recommended for
restoration of highly degraded sites and ecosystems, as a means of
providing sufficient variation substrate for adaptation to contemporary
adaptive filters, such as soil contamination, biological invasions, and
climate change (Lesica and Allendorf, 1999).

The results of genetic diversity for juvenile samples indicated that
there was no evidence of negative effects of restoration design on
genetic diversity in the first few generations after implantation. Studies
with Myroxylon peruiferum, Piptadenia gonoacantha, and Casearia sylves-
tris, tree species from the Atlantic Forest in the same study areas, also
showed similar results (Zucchi et al., 2017). Studies with Hymenaea
stigonocarpa and Dipteryx alata, tree species from Cerrado (Brazilian
Savanna), also showed a larger number of alleles in restoration areas
than in natural remnants, probably due to a mixture of seeds from
different forest fragments to produce seedlings to be used in the

restoration project (Rodrigues, 2013). Thus, although previous research
has shown that the fragmentation of continuous forest patches into
many small patches reduces the genetic diversity of trees (Honnay and
Jacquemyn, 2007; Aguilar et al., 2008; Lowe et al., 2015), the re-
creation of small patches of forest through ecological restoration may
re-establish similar or even higher levels of genetic diversity compared
to both fragmented and conserved forest remnants. This positive result
relies on the key role of seed collection for improving planting stocks in
forest restoration, as already demonstrated for the same study region
(Brancalion et al., 2012).

4.3. Populations from restoration areas have similar levels of inbreeding to
those from natural remnants

Inbreeding levels of restored populations were not significantly
different from that of natural populations. However, for juvenile
individuals, only the well-preserved remnant had a sample with an
inbreeding coefficient not significantly different from zero. Also, we
observed high estimates of inbreeding levels in Frag. As C. tomentosum
is an outcrossing species, inbreeding in Rest and Frag may be an
indication of mating among relatives caused by deficit of pollination
services. Although the reestablishment of pollination services in
restoration areas is not well understood (but see Kaiser-Bunbury
et al., 2017), it is known that specialized plant-pollinator interactions
are more difficult to recover, and that highly fragmented landscapes
may not adequately support pollinator movement to restored sites
(Dixon, 2009). Thus, indications of pollination service deficits in
restoration areas are a matter of concern and should be more
thoroughly investigated. An alternative explanation for the higher
inbreeding levels in non-reference sites is the small population size of
other areas.

As expected, the Ne and the sample size were similar in both samples
from Ref, indicating that inbreeding and coancestry did not have a
negative effect on genetic diversity in the studied populations. For most
samples from Frag and Rest, the Ne was significantly lower than the
sample size. This is a potential effect of inbreeding or crossing among
relatives, which may be due to the small population size, associated
with spatial genetic structure and deficit of pollination service (Sujii
et al., 2017). Genetic representativeness was high for all samples, which
indicates maintenance of genetic diversity over the next generations
(Vencovsky and Crossa, 2003; Raposo et al., 2007). However, the
effective population sizes of adults were smaller, in both restoration
areas, than that recommended for the short-term (Ne≥ 100) and long-
term (Ne ≥ 1000) conservation of populations (Frankham et al., 2014).
This emphasizes the importance of enhancing connectivity with
surrounding fragments.

4.4. There is gene flow between restoration areas and neighboring areas

We sampled all adult individuals in restoration areas, so if a
haplotype is present exclusively in juveniles, it can indicate that the
seeds dispersed from trees in neighboring areas or that the parental tree
was already dead. One haplotype (H11) was present in juveniles and
absent in adults in Rest 1, and it was observed in only two juvenile
individuals. This absence of evidence for gene flow by seed dispersal
was expected for a species with a large samara and, thus, low seed
dispersal capacity (Greene and Johnson, 1993; Sujii et al., 2017).

The presence of private alleles in juvenile samples of restoration
areas is evidence of gene flow from neighboring areas. The pAr
estimates for juvenile samples from restoration areas were significantly
higher than for adult samples. As we sampled all adult individuals from
the restoration areas, private alleles in juveniles probably came from
neighboring areas, most likely by pollen flow due to its seeds' low
dispersal capabilities (Sujii et al. unpublished data). This evidence of
gene flow between restoration areas and the surrounding natural
remnants indicates that restoration populations can be a source of
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alleles for previously isolated fragments, contributing to the increase of
the effective population size in the set of neighboring populations. This
is still a poorly studied contribution of restoration to biodiversity
conservation in human-modified landscapes. However, it may also be
the source of a problem for native populations' conservation, since non-
local alleles may cause outbreeding depression, i.e., a decline in
progeny fitness by the crossing of individuals adapted to different
conditions (Lesica and Allendorf, 1999).

5. Conclusion

Our results corroborate other studies that evidenced the potential of
ecological restoration to recover genetic diversity (Smulders et al.,
2008; Ritchie and Krauss, 2012). Our findings highlight the importance
of using seed pools with high genetic diversity in restoration plantations
to avoid strong founder effects. Thus, we suggest the use of seeds from
different sources to produce seedlings for restoration areas, as well as
large and well-conserved remnants as main sources of seeds, as they
may have been subjected to reduced effects of inbreeding on effective
population size. We also suggest seed collection from local provenances
to prevent future outbreeding depression in restored sites.

We also observed the presence of gene flow from neighboring
populations, which indicates that it is possible to recover pollination
services in restoration plantations, even in highly fragmented land-
scapes. However, the lower Ne in disturbed and restoration areas
reinforces the importance of enhancing connectivity among fragments
to create metapopulation dynamics, increasing the effective population
size and slowing down genetic drift effects, key issues for supporting the
ecological viability and persistence of restored populations in a chan-
ging environment.
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